Abstract -Chromosomal abnormalities including cytomixis occurred in meiotic process of pollen mother cells of many angiosperm species at high frequency, but similar phenomenon was rarely reported in low vascular plants. This study we investigated the microsporogenesis of Isoetes sinensis Palmer, a quillwort of ancient heterosporous lycopsids Isoetaceae plants. Irregular chromosomal behavior especially cytomixis was emphasized. It appeared in each stage of meiotic division from prophase I to telophase II. The cytoplasmic channels between microspore mother cells were narrow and stretched. The genetic material connection was maintained mainly by visible chromatin fiber. The cytomixis was just occurred between two adjacent microspore mother cells of same stages. A variety of other abnormal chromosomal behaviors including chromosomal stickiness, fragmentation, bridge, laggards, micronucleus, were observed, albeit with low frequency. All sorts of chromosomal abnormalities were counted at two stages, anaphase I and anaphase II. They were approximately 24.4% and 26.9% respectively. This number was slightly higher than that of microspore abortion which was about 14.8%. I. sinensis was listed as a critical endangered species due to habitat fragmentalization, water pollution and wetland degradation. Human being activities are without doubt the immediate forces resulting in the population decreasing of I. sinensis. Whether the individual numbers dropping or habitat withdraw has consequently caused the producing of the overall high abnormalities of chromosomal behaviours is not determined yet. However, cytomixis and other irregular chromosomal phenomenon seemed not to be a natural process.
INTRODUCTION
Microsporogenesis was the developmental process leading to the production of four haploid microspores from a pollen mother cell by means of meiosis and cytokinesis. The normal course of meiosis ensured gamete viability. However, large amounts of chromosomal abnormality were detected in plants. They can cause total male sterility during the evaluation of meiotic behavior in some species (PAGLIARINI 2000) . The most frequent abnormalities found in the species analyzed were chromosomal stickness, bridge, laggards, micronucleus, irregular chromosomal segregation, cytomixis etc. Among them, cytomixis were studied widely (GHANIMA and TALAAT 2003) .
Cytomixis was first observed by GATES (1911) , in which cytoplasmic channels were formed between cells and through which chromatin material can migrate from one cell to another. The phenomenon was reported to occur in pollen mother cells at higher frequency although it was observed rarely between mitotic cells (SARVELLA 1958; BOWES 1973) , or even between meiotic and mitotic cells (COOPER 1952) . To date cytomixis has been studied in a variety of angiosperm taxa (SAGGOO and BIR 1983; BASAVAIAH and MURTHY 1987; SOODAN and WAFAI 1987; BAHL and TYAGL 1988; SEN and BHATTACHARYA 1988; CONSOLARO and PAGLIARINI 1995; DE SOUZA and PAGLIARINI 1997; PIEROZZI and BENATTI 1998; GHANIMA and TALAAT 2003) . Many authors attempted to interpret the formation mechanism of cytomixis. They might be caused by environmental or genetic factors, albeit not defined clearly (BELL 1964; OMARA 1976; BOBAK and HERICH 1978; DE and SHARMA 1983; HAROUN 1995; MORIKAWA and LEGGETT 1996; GHANIMA and TALAAT 2003) . Cytomixis may represent an important means of cell to cell communication (MCLEAN et al. 1997) . However, the evolutionary significance of cytomixis was very controversial (ZHENG et al. 1987; ASHRAF and GOHIL 1994; DAGNE 1994; FALISTOCCO et al. 1995; MORIKAWA and LEGGETT 1996; DE SOUZA and PAGLIARINI 1997; POGGIO et al. 1997; GHANIMA and TALAAT 2003) .
Isoetes sinensis Palmer is a member of the family Isoetaceae, an ancient group of heterosporous lycopsids including only one genus Isoetes and approximately 130 living species (JERMY 1990) . Isoetaceae plants were mainly distributed in North hemisphere, a few in tropic areas (TAYLOR and HICKEY 1992) . Four species were recognized in China (WANG et al. 2002) . I. sinensis Palmer was endemic in China and Japan. Only very rare wild populations were remained in eastern China because many documented populations were surveyed to be extinct (YE and LI 2003) . The increasing urbanization and water pollution may have caused habitat fragmentalization and reproductive disturbance (PANG et al. 2003) .
Although many abnormal cytogenetic phenomenon were studied in high flower plants, similar reports in low vascular plants were very rare. Heterosporous lycopods such as Isoetes have evolved a unique reproductive system and are worthy of study. I. sinensis is a tetraploid with 2n = 4x = 44 (TAKAMIYA et al. 1994; HE et al. 2002; LIU et al. 2002) . Related cytological studies on chromosome behavior during meiosis in microspore mother cells of Isoetes were carried out (BHU and GOSWAMI 1990; TAKAMIYA et al. 1996; HE et al. 2004) . At present study we emphasized the investigation of unusual microsporogenesis especially the cytomixis in I. sinensis. This ancient fern is in a critical endangered status in China. For formulating effective conservation strategy, genetic factor in cell level is needed to assess as well the environmental impact.
MATERIALS AND METHODS
Samples were collected from two native I. sinensis populations, one in Songyang County, Zhejiang Province, including two subpopulations 800m apart, another in Xiuning, Anhui. Collections were made in July 2002 and the living plants are now cultivated in ponds in the Wuhan Botanic Garden, the Chinese Academy of Sciences. In between April and May, from randomly selected 20 individuals, sporangia in the ideal stage for meiotic studies were fixed in Carnoy (3:1 ethyl alcohol: acetic acid), transferred to 70% alcohol under refrigeration for over 30 minutes. After washing with distilled water 3 times, the sporangia were transferred to 30mmol/L (pH 4.5) citric acid buffer (containing a mixed enzyme solution consisted of 1.5% cellulase "Onozuka" Rs (Yakult Honsha Co. Ltd, Tokyo, Japan) and 1.5% pectolyase Y23 (Sigma P3026)) in 34 º C for one hour. Washing 3 times, remaining the materials in distilled water app. 30 minutes for a hypotonic treatment, then transferred them to Carnoy for 30 minutes. Break sporangia on slide and let chromosomes of meiocyte disperse in 2-3 drops of Carnoy, then drying on open fire. Stain with Giemsa in pH 7.1 for 30 minutes, wash slide and check samples under Leitz microscope.
RESULTS
Microsporogenesis comprised two successive nuclear divisions with only one round of DNA replication. The chromosomes of I. sinensis were generally big. A total of 44 of them were normally paired at metaphase I, forming 22 bivalents (Fig.  1A) . A variety of irregular meiotic behaviors were observed at different stages. Chromosomal stickiness occurred when two or more bivalents were associated to form a short or long chain (Fig. 1B,  C) . Chromosomal bridges or fragments appeared at anaphase I when most of chromosome complements began to move to the poles (Fig. 1D) . At this phase the laggard chromosomes were visible (Fig. 1E) . At Anaphase II various amounts of micronucleus appeared distinctly (Fig. 1F) . Within a few of cells, two larger and two smaller daughter nuclei were yielded due to unbalanced divisions (Fig. 1G) .
Cytomixis was the most conspicuous irregular phenomenon in almost each phase of meiotic division of I. sinensis. It occurred between two neighboring cells of the same meiotic phase. At prophase I (Fig. 1H ), metaphase I (Fig. 1I) , anaphase I ( Fig. 2A) , telophase I (Fig. 2B ) and telophase II (Fig. 2C) , these cytoplasmatic connections were visible (arrows indicating). Even when the kidney-shaped microspores were formed such connections still remained (Fig. 2D) . In some microsporia various extents of abortive microspores appeared (Fig. 2E ). Finally they disappeared gradually when the fertile microspores were formed.
We calculated the occurrence frequency of chromosome abnormality randomly. Respectively, 24.4% and 26.9% of the microspore mother cells at anaphase I and anaphase II underwent cytomixis. A total of approximately 14.8% of microspores were irregular in size and shape and hence sterile. No aneuploidy or other cytotype was observed.
DISCUSSION
Two types of cytokinesis have been reported in the mircosporogenesis of flowering plants: successive and simultaneous (MAHESHWARI 1950; MENDES-BONATO et al. 2003) . The cytokinensis of I. sinensis seemed to belong to the former. During telophase I (Fig. 1D) , the chromosomes were uncoiled into chromatin. With nucleoli and nuclear membranes reappeared, a callose wall was deposited and dyads formed. During anaphase II ( Fig. 2A, B ) to telophase II (Fig. 2C) four daughter nuclei were finally formed. The tetrads were looked as isobilateral. Chromosomal stickiness was usually observed in some plants characterized by chromosomal clustering during any phase of the cell cycle (CON- SOLARO and PAGLIARINI 1996; BIONE et al. 2000) . CAETANO-PEREIRA et al. (1995) indicated intense chromosomal stickiness in microsporocytes with inbred lines was more frequently than in hybrid lines. We observed weak as well as strong chromosomal stickiness in I. sinensis (Fig. 1B, C) . Whether the two populations we studied were inbred is hard to determine yet. However, field survey revealed the individual distribution areas of the two sampling I. sinensis were very constraint. Each was smaller than one thousand square meters (YE and LI 2003) . This may mean within a population, the genetic exchange among individuals was constricted. Indeed, chromosomal abnormalities did not occur separately (BIONE et al. 2000) . In our study, chromosomal fragmentation, bridge, laggard and micronuclei were also observed. These irregular chromosomal behaviors will hinder the normal meiotic division of plants in microsporogenesis and produce sterile male sperm (PAGLIARINI 2000) . In I. sinensis, such abnormality may have been interacted each other throughout the whole meiotic process. As KODURU and RAO (1981) and BIONE et al. (2000) indicated, the behavior of abnormal chromosomal segregation and that of laggard chromosomes may lead to micronucleus formation.
Cytomixis was the most conspicuous chromosomal abnormality occurred in I. sinensis. The cytoplasmic channels appeared to be narrow and stretched in most cases ( Fig. 1H, I ; Fig. 2A, B) comparing to the previous studies (e.g. BIONE et al. 2000; GHANIMA and TALAATA 2003) . In most cases, the chromatin materials connections between two microspore mother cells were maintained by fine chromatin fiber. No single stick-like chromosome was observed migrate in a broad channel. The cytomixis was not limited to certain stages. It occurred even at prophase I. This was consistent with the investigations of some angiosperm taxa (DE SOUZA and PAGLIARINI 1997; PIEROZZI BENATTI 1998; GHANIMA and TALAATA 2003) , in which cytomixis were observed in all stages. In our observation the cytoplasmic connections was generally built at the same stages, and no more than two microspore mother cells were involved.
As the role of cytomixis, OMARA (1976) and ZHENG et al. (2002) proposed it was probably a spontaneous and natural process. PAN et al. (2002) even reported the evidence that supported the viewpoint, in which microtrabecular network was observed involved in the chromatin migration process. FALISTOCCO et al. (1995) and GHANIMA and TALAATA (2003) proposed cytomixis may be the origin of polyploidy or aneuploid. On the contrary, PAGLIARINI (2000) thought, with or without chromatin degeneration, cytomixis was a source of male sterility. It may lead to all or part pollen grains abortion (SAPARE 1978; SAMUSHIA et al. 1979) . In another way, BELLUCCI et al. (2003) reported no significant correlation was found between cytomixis and pollen viability, even if the cytomixtic plants showed low values of pollen viability. In I. sinensis an occurrence of approximately 14.8% microspores were abortive, although it was not completely concord to the high rate of various chromosomal abnormalities (24.4% at anaphase I and 26.9% at anaphase II). A probable interpretation for the occurrences may be that frequent human being activities have caused serious habitat fragmentalization, which consequently made the individuals of I. sinensis decreasing drastically. In the deteriorating environment the microsporogenesis process of the quillwort was disturbed and large amounts of unusual chromosomal behaviours occurred inevitably. If so, cytomixis and other irregular phenomenon would be an outcome of passive reflection of plants to the extreme environmental factors. However, more researches will be needed to elucidate the assumption in future.
Indeed, the cause of cytomixis formation and the evolutionary significance of it were still full of huge controversy. BOBAK and HERICH (1978) and MORISSET (1978) believed it was just a pathological phenomenon by pharmaceuticals or mechanical pressure. GHANIMA and TALAATA(2003) stressed the impacts of extreme environmental factors. NIRMALA and RAO (1996) thought cell fusion and chromatin degeneration were probably caused by both environmental and genetic factors. Our observations were in greater or lesser agreement with these presumptions.
